Preoperative demographic and clinical characteristics of 1056 consecutive adult patients undergoing cardiac surgery were collected retrospectively for the period 2012-2014. Multivariable logistic regression analysis was used to determine the independent predictors of AKI-D and the KDIGO-AKI stages. Risk scores of five prediction models were calculated using corresponding subgroups of patients. The discrimination of these models was calculated by the c-statistics (area under curve, AUC) and the calibration was evaluated for the model with the highest AUC by calibration plots.
INTRODUCTION
Acute kidney injury (AKI), developing after cardiac surgery, is an important factor determining patients' outcome. It is associated with an increased morbidity and mortality, as well as with prolonged duration and costs of hospitalization [1] [2] [3] . Therefore, it is important to identify risk factors for postoperative AKI, and to prevent those adverse outcomes. Several predictive models of cardiac surgery-associated acute kidney injury (CS-AKI) have been developed [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The models of Chertow et al. [4] , Fortescue et al. [5] , Thakar et al. [6] , Mehta et al. [7] and Wijeysundera et al. [8] have been externally validated several times, showing reasonable discrimination of patients with the risk for AKI [15] [16] [17] [18] [19] [20] . The reported incidence of CS-AKI is variable, and depends on definition of AKI as well as on inclusion and exclusion criteria.
Reported incidence of CS-AKI defined with the need for renal replacement therapy (RRT; dialysis and AKI-D) ranges from 0.4 to 10.9%, with an average between 1 and 2% [4-8, 14, 15, 18, 20] . Some authors found that AKI with even small increases in serum creatinine was also associated with an increased risk of morbidity and mortality [1, 3, 21] . When defined with smaller reduction in renal function, reported incidence of CS-AKI ranges from 2.7 to 39% [9-12, 14, 22] . Recently, the 'Kidney Disease: Improve Global Outcomes' (KDIGO) AKI study group has suggested a modified definition of AKI, levelling the differences between earlier AKI definitions and enabling better reproducibility and comparison between different prediction models [23] .
The aim of our study was to identify potential preoperative risk factors for CS-AKI defined as AKI-D and AKI according to KDIGO criteria (KDIGO-AKI) in our University Hospital. Furthermore, we evaluated the performance of several known models [5] [6] [7] [8] [9] in the prediction of KDIGO-AKI in our patient cohort.
MATERIALS AND METHODS
We conducted a retrospective cohort study, which included all consecutive patients aged >18 years undergoing cardiac surgery at the Department of Cardiac and Transplant Surgery of University Hospital Dubrava in Zagreb, Croatia, between 1 January 2012 and 31 December 2014. Exclusion criteria were preoperative RRT, including dialysis and renal transplant recipients, death within 24 h after surgery, infrequent surgical procedures (heart transplantation, ventricular assist device(s) implantation, pericardiectomy and isolated heart tumour resection) and preoperative use of extracorporeal membrane oxygenation.
Demographic characteristics and potential preoperative predictors of AKI were extracted from the cardiac surgery database, hospital database and medical records. The variables extracted were those included in the original studied models [5] [6] [7] [8] [9] : age, gender, weight, height, smoking habits, history and treatment of diabetes, chronic obstructive pulmonary disease (COPD) or asthma, hypertension, peripheral arterial vascular disease, previous cardiac surgery, recent myocardial infarction (within 3 weeks before surgery), atrial fibrillation (AF), systolic blood pressure, preoperative renal function parameters, white blood cell count (the last preoperative value), left ventricular ejection fraction (LVEF; measured preoperatively with transthoracic echocardiography), use of intra-aortic balloon pump before surgery, congestive heart failure (CHF, defined with NYHA class III or IV), cardiogenic shock, endocarditis, operative status (elective or non-elective, i.e. emergent or urgent), use of cardiopulmonary bypass (CPB) and types of surgery: coronary artery bypass grafting (CABG), aortic valve (AV) surgery, mitral valve (MV) surgery, other valves surgery and combinations of former surgery.
Preoperative renal function was defined by serum creatinine (using the last preoperative value measured within 3 days before surgery) and by estimated glomerular filtration rate (EGFR), calculated with Cockroft-Gault, MDRD and CKDEPI equations [24] .
If there were more than one cardiac surgery procedures performed during the same hospitalization, only the data before the first surgery were considered.
To avoid any interpretation bias, especially those regarding predictors inclining subjective interpretation, like CHF, the evaluation of all patients was done by one physician.
The primary outcome was the development of AKI, defined with the initiation of dialysis in the postoperative course, until the discharge of the patient (AKI-D). The dialysis was started at the discretion of the attending physician based on the standard criteria such as uraemia, acidosis, hyperkalaemia or severe fluid overload. The secondary outcome was AKI defined and staged with KDIGO criteria (KDIGO-AKI) into stages 1-3 (no AKI development was marked as KDIGO-AKI stage 0), using the highest postoperative serum creatinine within the time frames as in the KDIGO definitions [23] . KDIGO-AKI stage 1 was defined with an increase of serum creatinine by 1.5-1.9 times baseline or by ≥26.5 μmol/l from baseline. KDIGO-AKI stage 2 was defined with an increase of serum creatinine by 2.0-2.9 times baseline. KDIGO-AKI stage 3 was defined with an increase of serum creatinine by ≥3.0 times baseline or with serum creatinine of ≥353.6 μmol/l or with the initiation of RRT. Owe to incomplete data on urine output, only data on serum creatinine were used to determine the stage of KDIGO-AKI.
In the performance evaluation of different models, the prediction scores were calculated as in the original studies [5] [6] [7] [8] [9] . Patients who did not meet the original inclusion criteria for a certain model were excluded from the analysis of that specific model ( Fig. 1 done by logistic regression with a stepwise method using significant predictors found in the univariable analysis.
Evaluation of the performance of different prediction models of CS-AKI was done by discrimination and calibration analysis. Discrimination analysis of each predictive model score was made by calculating the c-statistics, i.e. area under curve (AUC) for each model. Comparison of dependent or independent AUC for different outcomes within the same model or for the same outcome between different models was done by the DeLong method [25] . The model with the greatest AUC was then used for calibration analysis in our patient cohort by creating calibration plots and graphic comparison of observed and expected (as in the original study) outcome rates for the same risk category.
A two-sided P-value of <0.05 was considered as statistically significant. The data were analysed using SPSS version 17.0 and MedCalc version 11.4.2.0.
RESULTS
The study population consisted of 1147 patients, of which 91 were excluded, so our global cohort included 1056 Caucasian patients (Fig. 1) . Baseline demographic and clinical characteristics of the global patient cohort and their association with AKI-D are given in Table 1 . AKI-D was found in 37 patients (3.5%). In univariable analysis, older age, diabetes, previous cardiac surgery, AF, CHF (NYHA class III or IV), higher serum creatinine (lower EGFR), endocarditis and type of surgery were associated with AKI-D (Table 1) .
KDIGO-AKI developed in 244 patients (23.1%), of which 183 (17.3%) were KDIGO-AKI stage 1, 23 (2.2%) were stage 2 and 38 (3.6%) were KDIGO-AKI stage 3. Distribution of baseline demographic and clinical characteristics of patients and their association with KDIGO-AKI stages are given in Table 2 . Older age, female gender, higher body mass index (BMI), diabetes, COPD, previous Table 3 and with KDIGO-AKI stage 3 in Supplementary Table 4 . Multivariable logistic regression showed older age, AF, CHF (NYHA class III or IV), previous cardiac surgery, higher serum creatinine and endocarditis independently associated with the development of AKI-D (Table 3) . Also in Table 3 , the results of multivariable logistic regression analysis for the development of different stages of KDIGO-AKI are given. For KDIGO-AKI stage 1 and higher (versus no AKI), greater BMI, older age, female gender, COPD, previous cardiac surgery, AF, CHF (NYHA class III or IV), higher serum creatinine and the use of CPB were independent predictors.
Performance evaluation of different prediction models (scores)
The tested models were not applicable to all global cohort patients due to inclusion and exclusion criteria of the tested models ( Fig. 1 and Supplementary Table 1) . The discrimination of each model (risk score), measured with AUC, for occurrence of AKI-D and for the each stage of KDIGO-AKI is given in Table 4 . Reliable calculation of AUC was not possible for the AKI-D and KDIGO-AKI stages 2 and 3 using the Brown et al. model [9] , due to a small number of events. For the original outcome of the Brown et al. model (EGFR <30 ml/min) [9] , the AUC was also not calculated due to the same reason.
The comparison of different models shows that the highest AUC for all outcomes and stages of CS-AKI has the model of Thakar et al. [6] . Compared with the model of Wijeysundera et al. [8] (the same patient subgroup), this was statistically significant for all outcomes: for AKI-D versus no AKI-D (P = 0.0021), for KDIGO-AKI stages 1 and higher versus KDIGO-AKI 0 (P = 0.0001), for KDIGO-AKI stages 2 and higher versus KDIGO-AKI 0-1 (P = 0.0015) and for KDIGO-AKI stage 3 versus KDIGO-AKI 0-2 (P = 0.0008). The results also show that smaller AUC was found in all the models for the lower stages of KDIGO-AKI (Table 4) .
Analysis of calibration of the best performing model in the discrimination for CS-AKI (the model of Thakar et al. [6] ) is shown in Fig. 2 . Patient characteristics between the Thakar et al. [6] original cohort and our subgroup for the model analysis are given in Supplementary Table 5 , and frequencies of AKI-D at different score levels and risk categories are given in Supplementary Table 6. The calibration of the model was poor, as shown by calibrationin-large analysis (Fig. 2 ). When applied to our patients, the model of Thakar et al. [6] underestimated the risk of AKI-D except in the lower risk categories (Fig. 2) . The optimal cut-off value for the Thakar model score in the prediction of AKI-D was 2 in our patient cohort, with sensitivity of 90.91%, specificity of 65.23%, positive-likelihood ratio 2.61 and negative-likelihood ratio of 0.14.
DISCUSSION
In this study, we aimed to explore risk factors for the development of AKI after cardiac surgery, as well as to evaluate the performance of well-known prediction models [5] [6] [7] [8] [9] in our population cohort. Preoperative evaluation and identification of patients, who are at greater risk for the development of AKI, could lead to more optimal perioperative care and improve patients outcome. The most often used prediction models of CS-AKI have been developed in the USA and Canada [5] [6] [7] [8] [9] , and later validated in other regions of the world, including European population cohorts as well [15] [16] [17] [18] [19] [20] . The definition of the primary outcome (AKI) in this setting is the first big issue that needs to be addressed, because different definitions of AKI make the comparison and validation of studies difficult. Most authors defined AKI with the initiation of RRT (dialysis) [5] [6] [7] [8] [9] , but other definitions were also used [10] [11] [12] [13] [14] . To overcome the differences in the definition of AKI in general, KDIGO-AKI criteria have been proposed recently [23] . We chose AKI-D as the primary outcome, because the original, most often utilized and tested prediction models, had the same outcome [5] [6] [7] [8] [15] [16] [17] [18] [19] [20] . Also, we studied KDIGO-AKI as the secondary outcome and the association of predictors with different stages of KDIGO-AKI, as well as performance of known prediction models regarding this outcome. There has been only one study evaluating CS-AKI according to KDIGO-AKI criteria, by Machado et al., but the primary goal of this study was to evaluate the prognostic significance of KDIGO-AKI stages and not to explore the risk factors for AKI [3] . In our study, we included all cardiac surgery patients operated with and without CPB, with usual exclusion criteria as mentioned before and in concordance with the majority of studies. The incidence of AKI-D in our study was 3.5%, which is higher than in the original prediction models that we validated, where the incidence of AKI-D ranged from 1.1 to 2.7% [5] [6] [7] [8] [9] . In other studies that validated these original prediction models, incidence of AKI-D ranged from 1.9 to 10.9% [15] [16] [17] [18] [19] [20] . The incidence of AKI according to KDIGO criteria in our study was 17.3% for stage 1, 2.1% for stage 2 and 3.6% for stage 3. Machado et al. [3] found similar incidences for stages 2 and 3 (4 and 3%, respectively), whereas the incidence of KDIGO-AKI stage 1 in their study was higher (35%). There could be several reasons for the inequality in AKI-D incidences between studies. The most important seems to be variable criteria for the initiation of dialysis, prone to subjective decisions of attending physician. Also, not strictly defined time period for the development of AKI, could lead to higher incidence if longer time period is used. This again emphasizes the need for more objective and uniform criteria for the AKI and also for the postoperative period tested, both embedded in KDIGO-AKI criteria.
We choose to investigate only models with preoperative predictors of AKI, because we find that possible preventive measures should start preoperatively, as early as possible. Predictive scores that use intra-or postoperative variables could delay applying those measures to the time where AKI has already started. Thereby, we do not want to diminish the significance of the intraand postoperative factors. As potential predictors, we evaluated only the factors that were found to be significant in original studies (Supplementary Table 1 ) [5] [6] [7] [8] [9] . In our study, we found higher age, presence of AF, NYHA III or IV class CHF, prior cardiac surgery, higher serum creatinine and endocarditis was independently associated with AKI-D in multivariable analysis (Table 3 ). There are differences found in predictors of AKI-D compared with the studies that we evaluated [5] [6] [7] [8] [9] . Other validation studies also found such differences compared with original studies [15] [16] [17] [18] [19] [20] . The main reason for this is the difference in patient characteristics, which was found in validation studies and in our study too, compared with the original studies. Also, as mentioned, some predictors, such as CHF, cardiogenic shock, COPD and emergent status of the surgery, could be interpreted subjectively by the investigators.
We also explored potential predictors for the KDIGO-AKI. To our knowledge, this was the first study that used this definition of AKI to evaluate only preoperative predictors. For the KDIGO-AKI stage 3, the predictors were similar as for AKI-D, which is to be expected considering that the definition of KDIGO-AKI stage 3 also includes the initiation of dialysis. In addition to those predictors, higher BMI, female gender, COPD and the use of CPB were associated with the development of less severe stages of KDIGO-AKI (Table 3) .
Evaluation of five most widely used prediction models of CS-AKI then followed, where we applied both definitions of AKI. Models were applicable to selected subgroups of patients (Fig. 1) according to inclusion and exclusion criteria of the original studies (Supplementary Table 1 ) [5] [6] [7] [8] [9] . The models of Fortescue et al. [5] , Mehta et al. [7] , Thakar et al. [6] and Wijeysundera et al. [8] discriminated well in the prediction of AKI-D, with AUC ranging from 0.706 (0.674-0.737) to 0.837 (0.810-0.862) ( Table 4) , whereas for the model of Brown et al. [9] , reliable calculation of AUC was not possible due to a small number of AKI-D events. Other validation studies found variable discrimination parameters of the original studies.
In most of the validation studies, the model of Thakar et al. [6] showed the best discrimination as in our study too, with AUC ranging from 0.662 (0.646-0.678) to 0.93 (0.91-0.94) [8, 16, [18] [19] [20] .
Comparison of the tested models in our population cohort showed that this difference was statistically significant compared with the model of Wijeysundera et al. [8] . Direct comparison of different models in the same population cohort was also done by Kiers et al. [20] , and the difference was statistically significant between the models of Thakar et al. [6] and Mehta et al. [7] .
Then, we tested the calibration of the model with the highest AUC (Thakar et al. [6] ) by calibration-in-large plots ( Fig. 2 and Supplementary Table 6 ). Calibration in our subgroup of patients was poor and the model underestimated the risk for AKI-D, except for the lower risk categories. Similar findings of poor calibration of the original models were reported also by CandelaToha et al. [16] and Heise et al. [ 18] . The main reason for this poor calibration is the difference in the demographic and clinical characteristics of our patients compared with the original study cohort (Supplementary Table 5 ). Among other differences, our patients in the subgroup for this analysis were all Caucasians, of younger age, had lower serum creatinine and also differed in the type of surgery performed compared with the Thakar et al. cohort [6] . There are also possible differences in the thresholds for the initiation of dialysis.
Five available prediction models were then evaluated in the prediction of KDIGO-AKI. Four models discriminated reasonably, well with the model of Thakar et al. [6] , showing again the highest predictive value in all stages of KDIGO-AKI (Table 4 ). The difference was statistically significant compared with the model of Wijeysundera et al. [8] at all stages of KDIGO-AKI. The model of Brown et al. [9] was only validated in the prediction of KDIGO-AKI stage 1 and higher with the lowest discrimination found. To our knowledge, this is the first study to evaluate this prediction models regarding KDIGO-AKI stages. Kiers et al. [20] evaluated these models in the prediction of CS-AKI according to earlier RIFLE criteria. We found that our multivariable analysis predictors of CS-AKI showed higher AUC for all outcomes tested in comparison with tested models. This finding supports the need for local reevaluation of widely used prediction models and also for implementing possible corrections of those models with respect to local population cohorts.
The strength of this study is the inclusion and evaluation of all available models of CS-AKI that include only preoperative factors in the prediction of not only AKI-D, but also newly more uniformly defined AKI by KDIGO criteria.
There are also some limitations to our study. First, our study was retrospective and therefore dependent on medical records and history, so ascertainment error, recall, informative censoring and lead-time biases cannot be avoided. The number of patients analysed was relatively small compared with that of original studies, with the consecutive lower statistical power of our study. The differences in patient populations compared with original studies could have influenced the outcomes. In the analysis of KDIGO-AKI stages, the urine output was not always documented, although measured, and therefore could not be used as a criterion for KDIGO-AKI. When evaluating differently defined outcomes against those in original studies (KDIGO-AKI versus AKI-D), predictive models may perform differently compared with the original setting.
CONCLUSIONS
Our study identified several independent risk factors for the development of cardiac surgery-associated AKI, defined as AKI-D and KDIGO-AKI stages. Evaluation of well-known prediction models showed that the model of Thakar et al. [6] had the highest predictive value in the discrimination of patients with risk for AKI-D as well as for all KDIGO-AKI stages. Although it showed miscalibration, it could still be used to detect patients who are at high risk of AKI-D and also for less severe stages of CS-AKI. More studies are, however, needed to develop and/or validate scores to predict non-dialysis CS-AKI.
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